We demonstrate that cylindrical vector beams with radial and azimuthal polarization states can be generated by leaky emission from photoexcited molecules embedded in slab-optical-waveguides which are formed on thin metal films on glass. Mirrorless lasing action in the optical waveguide leads to an order-of-magnitude collapse of the emission energy bandwidth and an emission directionality enhancement exceeding threefold. This leads to the creation of fine rings of quasi-coherent light with radial and azimuthal polarizations. We study the effect of the leakage loss on the amplified spontaneous emission process and on the photon yield. We find a critical value of metal film thickness for the observation of mirrorless lasing action and optimal values for enhancing photon extraction.
Introduction
The polarization state of light plays a major role in optical phenomena, ranging from the common, e.g. reflection, transmission and absorption [1] , to the complex, e.g. nonlinear interactions [2] and generation of strongly coupled light matter states [3] . This is a fundamental consequence of the fact that the interaction between light and matter is mediated through the material's linear and non-linear electric susceptibility, χ , which measures the material polarization response to an applied polarized electromagnetic field. It is therefore important to be able to precisely control the polarization state of light and to create light beams with unique polarization properties.
One class of beams with such unique properties is that of cylindrical vector beams (CVB) which have a cylindrical spatial symmetry of the polarization state [4] . It has been shown that radially-polarized CVBs can be focused to smaller spots than linearly-polarized light beams [5, 6] , can be formed with a strong non-propagating longitudinal polarization component [7, 8] , and are useful for applications including single molecule spectroscopy [7] , electron acceleration [9] , manipulation of atomic spins [10] , generation of surface plasmon evanescent Bessel distributions [11] and super-resolution imaging [12] . As a consequence, recent years have seen a growing number of works aimed at finding new ways to generate CVBs. Examples include coherent combination of cross-polarized Hermite-Gaussian modes in a cavity [13, 14] , using unique phase plates with sub-wavelength features [15] , birefringent intra-cavity elements [16] , and conical intra-cavity Brewster prisms [17] . These methods rely on special elements that have to be added to the optical systems in order to generate CVBs. Here we use leaky slab waveguides doped with Rhodamine 6G (R6G) molecules to demonstrate that a mirrorless lasing (ML) process in this system leads to the generation of quasi-coherent light with radial and azimuthal polarizations without the need for phase or polarization manipulation.
We recently presented a study on light emission from strongly coupled waveguide exciton polaritons, demonstrating that, with radially-symmetric excitation, waveguide exciton polaritons are converted to radially-and azimuthally-polarized leaky light modes [18] . In that work, molecular J-aggregates were chosen for the excitonic material due to their large oscillator strengths. This made it possible to reach the strong coupling regime at room temperature. Stimulated emission or stimulated scattering were not observed, however, due to the low quantum yield of the J-aggregate emission and due to the exciton-exciton annihilation process that provides a major population-dependent loss mechanism [19] . A different work recently showed that properly-aligned single molecules in a layered structure, termed a quasiwaveguide, emit light with radial polarization [20] .
In this work we study emission characteristics of leaky slab waveguides doped with gain material at different pumping rates. At high pumping rates, the emission collapses in energy and momentum space. This results in the generation of fine rings of narrow bandwidth light with radial and azimuthal polarizations. We show that the coupled wave equations predict that there is a level of leakage optimal for enhanced photon extraction, a consequence of the interplay between gain and leakage. We verify this experimentally by controlling the leakage and observing its effect on the ML process.
Mirrorless laser configuration
The mirrorless laser ( Fig. 1(a) ) consists of a thin layer of poly(methyl methacrylate) (PMMA) doped with R6G formed on a thin silver film on glass. The PMMA acts as the confining and guiding optical layer for the propagating waveguide modes. The photoexcited R6G molecules emit to these modes which in turn leak to glass radiation modes following momentum conservation
β is the momentum of the waveguide mode, m is the mode order, p is its polarization state,
i.e. transverse electric (TE) or transverse magnetic (TM), glass k is the momentum of the radiation in the glass and θ is the leakage angle. We find θ for different wavelengths and polarizations by calculating the Fresnel reflection of the multi-layered system from the glass side. Reflection minima occur when the incident light impinges at the values of θ satisfying Eq. (1). The results are plotted in Fig. 1(b) for the first four TE and four TM waveguide modes of the system. It can be seen that the largest leakage angle occurs for the lowest order modes and that the modes alternate between being TE and TM as the angle is varied. With a radially-symmetric pump beam, conical emission with angle θ occurs ( Fig. 1(a) ). TM waveguide modes, which are polarized in the plane of the waveguide cross section of Fig. 1(a) , leak to perfectly radially-polarized CVBs. TE waveguide modes, which are polarized perpendicular to the plane of the waveguide cross section of Fig. 1a , leak to perfectly azimuthally-polarized CVBs.
Results and discussions
Sample preparation starts with the evaporation of a thin silver film (20 nm -120 nm thick) onto an indium-tin-oxide-coated glass slide, followed by spin coating PMMA (Microchem 495 A8) doped with R6G molecules to form a waveguide that is 1 We photoexcite the samples from the PMMA side using either a continuous wave (CW) laser (20 mW, 532 nm) or a pulsed doubled Nd:YAG laser (Continuum Minilite II, 5 ns pulse duration, 532 nm) with a pump density of 2.1 mJ/cm 2 and a diameter of ~2 mm and photograph the leaky emission pattern. This is done using a hemispherical prism to couple the radiation from the glass to air, where it encounters a semi-transparent diffusive screen that is photographed. The maximum emission angle that is captured is ~70°. An emission pattern representative for the CW pump case is shown as Fig. 1(c) . Rings of light with different radii can be seen, a result of conical emission into different angles. Adding a polarizing film to the beam path modifies these patterns from being circles to double crescents ( Fig. 1(d) ), thereby revealing the polarization state of each ring. The innermost ring, corresponding to the smallest value of θ (emission from TM 4 ) supported by the waveguide, is radially-polarized and successive rings alternate in polarization between azimuthal and radial. This is also shown in the schematic diagram of Fig. 1(a) and the calculations of Fig. 1(b) . Due to the fact that these rings originate from pure TE and TM waveguide modes, their radial and azimuthal polarization qualities are excellent. We note that the rings can be observed only from the prism side and not from the pump side, as it is the presence of the prism which facilitates their leakage. Some background noise can be seen in the photograph, and originates from light being reflected from the screen back onto the sample and then back onto the screen. This does not, however, obscure the emission pattern from being clearly seen. In the dark regions where the local polarization of the beam is orthogonal to the polarizer the emission intensity drops to When we pump the sample at a sufficiently high rate using the pulsed source, the emitted rings become highly directional and change in color ( Fig. 1(e) ). By again placing a polarizer in the emission path, we verify that the emitted rings maintain their polarization states ( Fig. 1  (f) ). We will show below that these fine rings of radially-and azimuthally-polarized light are the result of a ML process occurring in the doped slab optical waveguide.
We use an objective lens to couple the free space emission into a fiber connected to a spectrometer with a thermoelectrically cooled CCD detector (Synapse, Horiba Scientific). The objective lens and the fiber are placed on a rotating arm, allowing emission spectra to be collected at different angles. The results of the emission from four different modes are presented as Figs. 2(a) and 2(b) for pumping the sample with the CW source and with the pulsed source at pump density of 2.1 mJ/cm 2 , respectively. We do not observe emission from modes with higher order as these are not guided by our thin slab waveguide. For the low pumping rate case obtained with CW laser, we observe that the emission is broad in wavelength and in angle. The emission from each mode extends over a range of angles and wavelengths that can be seen to follow the calculated waveguide dispersion shown in Fig.  1(b) . For the high pumping rate case obtained with the pulsed laser, we observe a collapse in the emission's spectral content and increased emission directionality for all four modes. It can also be seen that, for the high pump rate, the TE mode emission is significantly brighter than that from the TM modes. This is due to the TE modes being more confined to the waveguide, which leads to stronger amplification. Figures 2(c) and 2(d) show the TE 4 emission spectra and angular dispersion respectively for low and high pumping rates. The emission spectra narrows significantly for high pumping rates and the directionality is improved by a factor exceeding three. Figure 2 (e) shows the normalized emission spectra taken at 49 θ°= for different pump pulse energies and Fig. 2(f) shows the emission counts at 613nm λ = for different pump pulse energies. The emission narrows down to 5.9 nm FWHM which is more than an order of magnitude smaller than the spontaneous emission bandwidth (72 nm, Fig.  2(c) ). In addition the emission dependence on pump pulse energy shows strong superlinear behavior (Fig. 2(f) ).
Since the slab waveguide does not have any end mirrors to form a closed cavity, the emission features shown in Figs. 2(b)-2(f) result from a ML action [21, 22] . Mirrorless lasing is also known as amplified spontaneous emission (ASE) [21, 22] . We term the emission quasi-coherent since there is a limit to the amount of coherence that can be achieved by ML. The dynamics of the amplification in the ML process can be described by [23] ( )
where ( , ) I z λ is the intensity, λ is the wavelength, z is the distance of light propagation in the photoexcited slab waveguide, α is the loss, η is the spontaneous emission rate, In order to study experimentally the effect of the leakage loss on the nonlinear behavior of the system and on the photon extraction efficiency we fabricate samples with varying metal film thicknesses (20 nm to 120 nm). We measure the dispersion relation of each sample at low and high pumping rates, in a similar manner to the measurements of Figs. 2(a) and 2(b) . The results are shown in Fig. 4(a) for silver thickness ranging from 20 nm to 45 nm in steps of 5 nm, with pumping at 2.1 mJ/cm 2 . It can be seen that the dispersion relations of samples with silver thicknesses below 30 nm do not show the ML signature of narrowing of the emission spectral content and directionality. With increasing silver film thickness, however, the ML signature becomes clearly evident and the differences between the emission to the TE and TM modes becomes more pronounced. Figure 4(b) shows the emission intensity of the TM 4 mode measured over a range of pulse energies from samples with 25 nm and 30 nm thick silver films. The sample with 25 nm silver film shows a sublinear dependence on the pump energy, possibly due to absorption saturation and bleaching effects. The sample with the 30 nm thick silver film, on the other hand, shows the characteristic ML superlinear dependence. The measured TM 4 emission as a function of pumping for samples with silver thickness between 25 nm and 100 nm is shown in Fig. 4(c) . Interestingly, it can be seen that the emission is most efficient with film thicknesses in the 45-60 nm range. This also occurs for the TE 4 mode, for which emission efficiency is best for film thicknesses around 45 nm as shown in Fig. 4(d) . This phenomenon results from the interplay between confinement and leakage, with the latter being a strong function of silver film thickness. Increasing the film thickness however also improves the photoexcitation rate due to reflection of the pump beam by the silver film. To remove the effect of increased photoexcitation, we therefore normalize the emission intensity at high pumping rate ( 400 J μ ) with the emission intensity at low pumping rate (100 J μ ) which is below the onset of ML and is linearly dependent on the pump intensity. Figure 4 (e) presents the emission normalized in this way as a function of silver film thickness for the TE 4 and TM 4 modes. It is seen that, as predicted by Eq. (4) and Fig. 3b , there is certain range of silver film thickness for maximizing the normalized emission. To estimate the efficiency of the generation of CVBs by the ML process in the slab waveguide we calculated the theoretical values of the transient decay, γ, of the waveguide modes for different silver thicknesses. The transient decay was obtained using the same method that was used to calculate the dispersion relations shown in Fig. 1(b) . For the reflection minima at angular frequency 15 0 3.09 10 ω = × (λ 0 ≈610nm) we extracted Δω, the full width at half maximum of the normalized resonance, for different silver film thicknesses. We then found the transient decay by 2 γ ω = Δ . Figure 5 shows the calculated results for the TE 3 and TM 3 waveguide modes. It can be seen that γ saturates at film thicknesses of ~100 nm. This results from the fact that, as the film thickness increases, the decay due to leakage loss becomes negligible and the dominant loss mechanism becomes the absorption in the silver film. In order to calculate the efficiency of light extraction from the system, we need to calculate the ratio of the decay due to leakage loss (which manifests as extracted light) to the total decay. To obtain a lower theoretical limit on this value for a silver thickness of ~50 nm, we divide the decay obtained at 50 nm by the decay at 100 nm to yield: 
where the subscripts show different thicknesses, γ leak is the decay due to leakage output and γ m is the decay due to metal loss. We use the fact that at a silver thickness of 100 nm the decay due to leakage loss is negligible (as seen in Fig. 5 ). We also use the fact that decay due to metal loss at a silver thickness of 100 nm is greater than that at a silver thickness of 50 nm. From Fig. 5 , we find γ 50nm /γ 100 nm . From Eq. (5), we then obtain the value of γ leak_50nm / γ 50nm , i.e. a lower theoretical limit on the leakage coupling efficiency to the CVBs at a silver film thickness of 50 nm. This is found to exceed 50% for both the TE and TM modes of the system. 
Conclusions
In conclusion we show here that ML action from leaky slab waveguides generates fine quasi coherent rings of light with radial and azimuthal polarizations. We show that this unique emission results from the conversion of TE and TM waveguide modes to leaky radiation following momentum conservation relations. We measure more than an order of magnitude narrower emission spectrum of the CVBs and more than three times smaller angular spread of the rings when pumped in the superlinear regime, compared to the case of spontaneous emission. The trend of the measured results agrees well with our coupled mode analysis of leaky ML process which shows that the photon extraction efficiency has an optimum value of silver film due to the interplay between gain and leakage loss in the system. This work demonstrates a new means for generating quasi coherent CVBs using an extremely thin device which is optically pumped or potentially electrically driven. It does not employ the brute force manipulations of the light performed with additional elements such as phase plates, and could therefore prove useful in applications of CVBs.
